ABSTRACT Bioprosthetic valve calcification is usually assessed pathologically by gross 
thetic valve specimens is usually done by gross inspection, histologic examination, and radiographic studies.9-'1 Quantitative mineral determinations by chemical assay of accumulated calcium and phosphorus have been used widely in experimental studies'2-'5 and have been reported for a limited number of valves removed from children,2 but such data are not available for failed valves explanted from adults. The purposes of this study were to quantitatively determine mineral accumulation in removed dysfunctional and properly functioning porcine bioprostheses by chemical assay and to correlate these data with semiquantitative, nondestructive radiographic assessment of calcification and selected clinical variables.
Materials and methods
Fifty-two glutaraldehyde-preserved porcine aortic valve bioprostheses were studied. These valves were removed from adults over an interval of approximately 5 (mean 57), were removed incidentally at autopsy (n 2) or were obtained at surgery (seven with paravalvular leak, four at transplantation, one for other cause). In 31 valves (10 aortic, 21 mitral; 26 Hancock and five Carpentier-Edwards), primary tissue failure with calcification necessitated valve removal or caused death 36 to 156 months (mean 87) after insertion. Twenty-seven of these valves were regurgitant (eight aortic, 19 mitral) and four were stenotic (two aortic, two mitral). In two of the 31 patients with calcific valve failure, a functional aortic bioprosthesis was removed simultaneously with a dysfunctional mitral valve, 90 and 96 months after insertion. Thus 47 valves removed after 8 to 156 months function were examined. Five properly functioning valves removed at autopsy (four mitral, one tricuspid), implanted 0 to 24 days earlier, were used as controls; in no case was the cause of death valve-related. No valve studied had infective endocarditis or gross thrombus.
Prostheses were carefully examined grossly, photographed, and radiographed in axial projection at 35 kV for 1.0 min by a standard technique (Faxitron, Hewlett Packard, McMilnnville, OR). Calcification of individual specimens was graded radiographically in three independent determinations: (1) by an observer during the routine surgical or autopsy pathologic evaluation of the individual specimens as they were accumulated, (2) by this same individual (observer 1) through sorting of radiographs into groups when all specimens had become available, and (3) sorting by a different individual (observer 2). In each case mineralization was graded as 0 = not present, 1 + = mild, 2 + = moderate, 3 + = more severe, and 4+ = most severe. Typical valve radiographs illustrating the major levels in the grading scheme are shown in figure 1.
Calcium content was measured chemically by atomic absorption spectroscopy of acid hydrolysates of finely minced cuspal tissue, oven dried to a constant weight. 12, 14, 15 Concentrations are expressed as micrograms per milligram dry tissue weight. With this technique, the variation of multiple chemical determinations of the same specimen was small (less than 2%); thus standard deviations represent real patient/valve heterogeneity. To assess the possible effects of formalin storage on measured valve calcium content, 10 separate specimens of freeze-dried, severely calcified glutaraldehyde-pretreated bovine pericardial tissue, previously implanted subcutaneously in 2 to 3-week-old rats and harvested 21 days after implantation, were analyzed for calcium content by atomic absorption spectroscopy, immediately after removal and after 7 and 30 days storage in 10% phosphate-buffered formalin (pH 6.9 to 7.1 at 25°C; Fisher Scientific, Springfield, NJ).
Results
Measured calcium contents of the four groups of valves are summarized in Figure 3 and table 4 summarize the correlation of chemically determined mineral content with radiographic calcification. Radiographic calcification varied from 0 (not detectable) to 4 + (most severe). Since the total number of valves with severe (3 + and 4 + ) calcification was small, they are combined for the purposes of this study. There was good correlation between radiographically measured calcification (among three determinations) and that measured by quantitative analysis. Variability in calcification within a specific radiographic classification reflects real variation in degree and distribution of calcific deposits among patients. All three determinations assigned the same radiographic grade in 28 valves (55%). In an (9) Agg/mg, mean ± SD (number of valves).
additional 22 valves (42%), one determination differed from the other two; in almost all of these cases, the actual mineral content was intermediate between the means of the grades estimated.
Discussion
This study confirms by chemical assay that there is considerable heterogeneity among patients in the rate of mineral accumulation in implanted porcine bioprostheses, in agreement with the results of a previous study using radiographically assessed mineral.'0 Indeed, this study demonstrates that mineral content varies considerably among valves at the time of removal necessitated by calcific failure. These results are consistent with actuarial data, which indicate that primary tissue failure caused by calcification is unusual less than 3 or 4 years after implantation but increases sharply in frequency ,ug/mg calcium; removal of this valve was necessitated by stenosis. The calcium content of these clinical porcine valves compares closely with data of previous experimental studies using subcutaneous implants of porcine valve tissue and bovine pericardium in rats, in which approximately 115 ,g/mg calcium is accumulated in 21 days and the saturation calcium content after long implantation times is 200 to 225 ug/mg calcium. 12, 14, 15 Experimental calcified pericardial specimens stored in neutral phosphate-buffered formalin had no significant loss of tissue calcium content after storage for up to 30 days. It is likely that no measurable loss would occur even after prolonged (years) storage, barring physical disintegration, since no significant solubilization of calcium phosphate mineral should be possible because of the insolubility of calcium phosphate crystalloids in the presence of an excess of phosphate.
Previous studies suggested that mitral porcine bio- 
